chemical and Roche Diagnostics, respectively.
Purification of porcine thyroglobulin from thyroid tissues
Porcine thyroid glands were purchased from a local slaughterhouse. Purification of Tg was performed according to a published method [14] with slight modification. Briefly, the thyroid tissues (20-30g) were homogenized in 10-tissue volumes of phosphate-buffered saline (PBS: 15 mm phosphate, 140 mm Nacl, ph 7.0) containing proteinase inhibitors (250µm PmSF, 5µg/ ml pepstatin, 5µg/ml leupeptin, 500µM benzamidine, 250µm EDTA). The homogenate was centrifuged at 100,000 x g for 60 min and the Tg in the supernatant was precipitated with ammonium sulfate at between 35% to 45% saturation. The precipitated Tg was dissolved in 20 mM phosphate buffer, pH 6.5, dialyzed against the same buffer and then applied to a DEAESepharose column. The adsorbed proteins were eluted with a linear gradient of Nacl (0-1.0 m) in 20 mm phosphate buffer, ph 6.5. The fractions containing Tg identified by immunoblotting were combined and applied to a Sepharose 4B gel filtration column equilibrated in 2.0 m Nacl in 20 mm phosphate, ph 6.5, to remove any other proteins that could bind to the Tg carbohydrates by electrostatic interaction. To resolve the isolated Tg into subpopulations according to their molecular sizes, the purified Tg was further applied to a Sephacryl S-300 gel filtration column, which had been equilibrated with PBS. Elution of the column with the same buffer separated the purified Tg into three subpopulations according to the retention volume.
FRTL-5 cell culture
Rat thyroid follicular FRTL-5 cells were cultured in a modified Ham's F12 medium supplemented with 5% bovine serum and the six-hormone mixture, which contained TSh, insulin, transferrin, somatostatin, Glyhis-Lys acetate, and hydrocortisone (6h medium) as described previously [15] .
Preparation and primary culture of porcine thyroid epithelial cells
Preparation of primary porcine thyroid epithelial cells was carried out according to the method of isozaki et al. [16] with slight modification. Briefly, to acidification [7] . Furthermore, it was recently reported that Tg stimulated the proliferation of mouse mesangial cells, which suggested the involvement of Tg in cell signaling in non-thyroidal tissues [8] . however, no investigation has been conducted to evaluate whether Tg regulates the proliferation of thyroid cells.
many studies have reported on the regulation of thyroid cell proliferation by TSh [9] , insulin/insulinlike growth factor i (iGF-i) [10, 11] , and other growth factors, including fibroblast growth factor-2 (FGF-2) [12] and epidermal growth factor [13] . These studies were conducted by using various cell culture systems, such as primary cultures of rat, dog, sheep and human thyroid cells as well as using rat thyroid cell lines, such as FRTL-5, WRT, and Pc cl3. The signaling pathways on cell proliferation have also been extensively investigated but some discrepancies still exist, depending on which experimental model systems were being used [reviewed in 9]. In the present study, we have examined whether Tg from bovine or porcine thyroid gland affect the proliferation of the primary culture of thyroid epithelial cells as well as a rat FRTL-5 thyroid follicular cell line. our results showed that Tgs from bovine and porcine species stimulated the proliferation of both porcine thyroid epithelial cells and FRTL-5 cells.
Materials and Methods

Materials
Bovine Tg was purchased from Sigma, USa, anti-human Tg monoclonal antibody was from hyTest Ltd, Finland, anti-IGF-I monoclonal antibody was from Thermo Fisher Scientific, USa, and anti-FGF-1 and anti-FGF-2 monoclonal antibodies were from Wako Pure Chemical, Japan. Chromatography media, DEAE-Sepharose, Sephacryl S-300, Sepharose 4B were from GE Healthcare Bioscience, USa, and Ham's F12 Nutrient Mixture Medium, antibioticantimycotic solution, and bovine serum were from invitrogen, USa. N-glycosidase F was from Roche Diagnostics, Germany, and wortmannin, transferrin, Gly-his-Lys acetate, hydrocortisone, somatostatin, insulin, and TSh were from Sigma. Dispase was purchased from Sanko Junyaku, Japan. Cell counting kit and 5-bromo-2'-deoxy-uridine (BrdU) labeling and detection kit were purchased from Wako Pure cells cultured for 4 more days. Then the test samples in 4h medium were added and the cells further cultured for another 4 days. After washing, WST-1 reagent was added to each well and the amount of cell proliferation was determined by measuring the absorbance at 415 nm.
Removal of N-linked oligosaccharides from porcine thyroglobulin
To 600 µg of the purified porcine Tg (pTg) in PBS, 10 mU of N-glycosidase F was added and the mixture incubated for 24 hr at 37ºc. The reaction mixture was then applied to a Sephacryl S-300 column to separate the deglycosylated pTg from the enzyme and the liberated carbohydrate. The deglycosylated pTg was lyophilized and dialyzed against PBS before being used in the cell proliferation assay.
results
Bovine thyroglobulin dose-dependently stimulated FRTL-5 cell proliferation
To determine whether Tg has any proliferative effect on thyroid cells, we first cultured FRTL-5 cells with the commercially available purified bovine thyroglobulin (bTg). Addition of increasing concentrations of bTg to the FRTL-5 cell culture medium stimulated the proliferation of the cells in a dose-dependent manner as measured by the [ 3 h]-thymidine incorporation assay ( Figure 1A ). At the concentration of 500 µg/ml of bTg, approximately 5-to 10-fold increase in cell growth was observed. Because the Tg molecule contains various types of carbohydrate chains [17] , the proliferative effect of Tg could be exerted by some growth factors bound by electrostatic interaction to the carbohydrate chains of Tg. To exclude this possibility, we added specific monoclonal antibodies against Tg, FGF-1 and FGF-2 in the bTg-containing culture medium to perform the FRTL-5 cell proliferation assay. The results showed that only the addition of antihuman Tg antibody ( Figure 1B) but not the addition of either anti-FGF-1 or anti-FGF-2 antibody (Figure 1c ) could neutralize the stimulatory effect of bTg on the proliferation of FRTL-5 cells. the diced thyroid tissue was added 50 ml of dispase solution (10,000U) and the resultant suspension was incubated at 37°c with gentle stirring for 1 hr. The suspension was filtered through nylon mesh (#80) and the residual tissue was further chopped up into finer pieces. The same dispase digestion treatment was applied to the chopped up tissue for 2 hrs at 37ºc. The suspension was then filtered again through nylon mesh (#100) and the collected filtrate containing the dispersed thyroid epithelial cells was washed with Ham's F12 medium several times. The washed cells were then plated onto 96-well tissue culture plates at a density of 2 x 10 3 cells/well in the 6h medium and subjected to the cell proliferation assay.
Thyroid cell proliferation assays
Proliferation of FRTL-5 cells and porcine thyroid epithelial cells were measured by two different methods, the [ 3 H]-thymidine or the BrdU incorporation assay and the colorimetric assay using the cell counting kit, which utilized water-soluble tetrazolium-1 (WST-1) as a chromogenic substrate. The [ 3 h]-thymidine incorporation assay was carried out as previously described [15] . Briefly, the cells were plated at a density of 2.5 x 10 4 cells/well in a 24-well tissue culture plate and cultured for 3 days in the 6h medium. The medium was then replaced by the 4h medium (6h medium minus TSh and insulin) and the cells cultured for 2 more days. Then the test samples in 4h medium were added and the cells cultured for 1 more day. on the seventh day, [ 3 h]-thymidine (0.1µci/well) was added to each well and the cells further cultured for another day. after washing, the cells were solubilized and the radioactivity of [ 3 h]-thymidine incorporated into the cellular DNa was measured. The BrdU incorporation assay was performed as follows. The plated cells were cultured for 1 day in the 6h medium followed by culturing for 2 days in the 4h medium. The test samples were added and the cells further cultured for 3 days in the 4H medium. The BrdU labeling solution was then added to each well and the cells incubated for 3 hr. DNA synthesis in the treated cells was measured using the BrdU labeling kit according to the manufacturer's instruction. The colorimetric assay was performed as follows. The cells were plated at a density of 1 x 10 3 cells/well in a 96-well tissue culture plate and cultured for 2 days in the 6h medium. The medium was then replaced by the 4h medium and the 
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As expected, Western blotting with the anti-human Tg monoclonal antibody revealed many positive bands on the lanes loaded with pTg ( Figure 2B , left panel). The proliferative activity of pTg could also be neutralized by co-incubation with the anti-human Tg monoclonal antibody but not with the anti-FGF-2 antibody in the culture medium (data not shown).
Proliferative effects of bovine and porcine thyroglobulins on the primary culture of porcine thyroid epithelial cells
To eliminate the possibility that the proliferative effect of Tgs on thyroid cell is confined to a specific cell line, we further examined whether bTg or pTg has any effects on the growth of the primary culture of thyroid epithelial cells prepared from porcine thyroid tissues. We measured the proliferative activity of thyroid epithelial cells by the BrdU incorporation assay and the colorimetric assay using the cell counting kit. as shown in Figure 3A , pTg stimulated the proliferation of porcine thyroid epithelial cells in a dose-dependent manner as determined by the colorimetric assay. At the concentration of 5 mg/ml, pTg stimulated the thyroid epithelial cell proliferation by 2.1-fold. TSh had no effect on the proliferation of thyroid epithelial cells at up to 200µU/ml. Bovine serum albumin (BSa) at
Proliferative effect of porcine thyroglobulin on FRTL-5 cells
Since we have no information on how bTg was purified or its purity, we purified Tg from porcine thyroid tissues and examined the purified materials on the FRTL-5 cell proliferation assay. From the results shown in Figure 2A , pTg was found to stimulate FRTL-5 cell proliferation in a dose-dependent manner like bTg as measured by the [ 3 h]-thymidine incorporation and an 80% increase in cell growth was observed at 500 µg/ml. Similar cell proliferation assay results were obtained by using the colorimetric assay. These findings showed that both porcine Tg and bovine Tg have proliferative effects on FRTl-5 cells. To confirm that our purified Tg did not contain either FGF-like activity or iGF-i-like activity, pTg was analyzed by Western blotting using an anti-FGF-2 antibody or anti-IGF-I antibody. As shown in Figure 2B center panel, no FGF-reactive bands were detected on the lane loaded with pTg, whereas FGF-reactive bands were detected on the lane loaded with FGF-2. Similar results were found using the IGF-I antibody and IGF-I. No IGF-I-reactive bands were detected on the lane of pTg, even when an excess amount of purified pTg (10 µg) was loaded on the gel ( Figure 2B, right panel) . Figure 4A inset. When each of the separated high, middle, and low subpopulations of pTg was tested for its proliferative activity, all three subpopulations at the same concentration showed stimulation of FRTL-5 cell proliferation with similar potency between the subpopulations ( Figure 4B ).
Involvement of the carbohydrate moiety of thyroglobulin on FRTL-5 cell proliferation
Since the attached carbohydrates on Tg are approximately 10% of its molecular mass, the carbohydrate moiety could contribute to the stimulatory activity of Tg on FRTL-5 cell proliferation. To address this issue, we remove the carbohydrates on the purified pTg by treating it with N-glycosidase F, followed by gel the concentrations above 2.5mg/ml had a slight stimulatory effect on the proliferation of thyroid epithelial cell, however, its effect was not as potent as pTg. The proliferative effect of pTg on porcine thyroid epithelial cells was confirmed by the BrdU incorporation assay. As shown in Figure 3B , pTg stimulated the proliferation of porcine thyroid epithelial cells in a dosedependent manner and at the concentration of 5 mg/ ml, pTg stimulated the cell proliferation by 2.4-fold. In this assay, BSA showed no effect on the proliferation while TSH at 200 µU/ml also had little effect on thyroid epithelial cell proliferation. Using both of these assays, we found that bTg also had proliferative effect on porcine thyroid epithelial cells in a dose-dependent manner like pTg (data not shown).
Proliferative effects of Tg subpopulations based on molecular size on FRTL-5 cell proliferation
Tg molecules are stored in the thyroid follicle as a colloidal solution and they exist in several molecular forms, including insoluble aggregated multimeric forms, and solubule tetrameric, dimeric, and monomeric forms [18, 19] . We tested whether these various also been well examined, although some discrepancies still exist. To elucidate whether the signaling pathway employed by Tg on FRTL-5 cell proliferation is the same as that used by TSh and/or insulin, wortmannin, a phosphatidylinositol 3-kinase (Pi3K) inhibitor, was added to the culture medium of FRTL-5 cells in the presence of pTg. As shown in Figure 6 , in the absence of wortmannin each subpopulation of pTg stimulated the proliferation of FRTL-5 cells but in the presence of wortmannin a significant decrease of the proliferative activity was noted in the each of these three pTg subpopulations (open bars vs. filled bars). Wortmannin, however, did not decrease the proliferation of the control culture significantly. The proliferative activities on FRTL-5 cells exerted by the middle and the low molecular size subpopulations of pTg were decreased down to the basal level by wortmannin, while only the high molecular size subpopulation of pTg showed a slight resistance against the inhibition by wortmanfiltration to separate the deglycosylated Tg from the enzyme and the released carbohydrate moiety. The mass of the deglycosylated pTg monomer was reduced by approximately 40 kDa from the native form as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis ( Figure 5 ; inset) and the deglycosylated pTg showed much less stimulatory effect on the proliferation of the FRTL-5 cells ( Figure 5 ; filled bar) in comparison with the native glycosylated molecule ( Figure 5 ; open bar). This result indicates that the carbohydrate moiety of pTg is required for the stimulation of FRTL-5 cell proliferation.
Identification of the signaling cascade involved in the proliferation of FRTL-5 cells
Proliferation of FRTL-5 cells induced by TSh and/ or insulin/IGF-I has been well established [9] and the signaling pathways employed by these mitogens have cinoma-derived cell line, and bovine aortic endothelial cells. Unlike the FRTl-5 cells or porcine thyroid epithelial cells, pTg did not stimulate the proliferation of TSU-pr1 cells and endothelial cells (data not shown). These data suggest that the proliferative effect of Tg on thyroid cells is specific.
The effective dosages of bTg or pTg for the proliferation of thyroid cells observed in this report are 0.5 mg/ml on FRTL-5 cells and 5 mg/ml on porcine thyroid epithelial cells. Since the concentration of Tg stored in the follicles formed by the thyroid epithelial cells range between 100 to 400 mg/ml [2, 3] , the highly effective dosage of 5 mg/ml of Tg is somewhat lower than the physiological concentration of Tg stored in the thyroid. However, Suzuki et al. [5, 6] has demonstrated considerable heterogeneity regarding the concentration of Tg stored in each follicle, some containing much more Tg than the others. Due to the difficulty in preparing soluble Tg at higher concentrations, it is difficult to determine whether the stimulatory effects of Tgs on thyroid cell proliferation could be further increased in higher Tg concentrations. on the other hand, it could be argued that the proliferative effect of Tg is exerted only when the concentration of stored Tg decreases down to a critical level or that the follicular structure is somewhat deformed. It is well known that the bioactivities of growth factors and angiogenic factors on adult normal thyroids are strictly regulated, and angiogenesis and cell growth do not occur in the mature organ. on the other hand, it has been proposed that angiogenic factors and growth factors may be activated in some pathological situations such as inflammation, tissue injury and neoplastic growth. Neoplastic growth depends on the balance of growth factors and inhibitors as well as interactions with extracellular matrix and vascular control [20, 21] . Tg could participate in the proliferation of thyroid cells under such circumstances.
In physiological conditions, Berndorfer et al. [18] reported that Tg stored in the thyroid follicles existed in two distinct forms, one of which was soluble and contained monomeric, dimeric, and tetrameric Tgs, whereas the other was insoluble with Tg present in multimeric states, which formed large colloidal globules. Therefore, we examined whether the different molecular species of soluble Tg could have different effects on the proliferation of FRTL-5 cells. Three subpopulations of porcine Tg, high, middle and low, based on their molecular sizes, were isolated and exnin. Thus, the signaling pathway employed by Tg on FRTL-5 cell proliferation could also be mediated through Pi3K like TSH and /or insulin/iGF-i.
Discussion
The purpose of this study was to determine whether Tg has additional functions besides serving as a precursor for the thyroid hormones and acting as a transcriptional regulator on thyroid specific genes. Since the plasma concentration of Tg is very low (5-30 ng/ ml) under normal physiological conditions, we examined the role of Tg as a growth regulator directly on the thyroid epithelial cells. Two different methods were employed to measure the cell proliferative activity, one by measuring the total DNA in the cultured cells based on [
3 H]-thymidine or BrdU incorporation and the other by measuring the metabolic activity of the cultured cells using WST-1 with a colorimetric assay. We also measured the cell proliferative activity by directly counting the total number of cells, and found that the activities of cell proliferation have a better correlation when they were measured by direct cell counting versus the colorimetric assay than when they were measured by direct cell counting versus the DNa labeling assay (data not shown). Using these two assays, bovine and porcine Tgs were found to stimulate the proliferation of FRTL-5 cells in a dosedependent manner. In addition, both Tgs stimulated the proliferation of the porcine epithelial cells in primary culture. By contrast, TSh, the primary regulator of thyroid gland, had no effect on thyroid cell proliferation as measured by the colorimetric assay and only a slight stimulatory effect on DNA synthesis in thyroid cells, and these results are consistent with the previously published investigations [reviewed in 9]. In addition, serum albumin, which is also present in the thyroid follicle, slightly affected the proliferation of porcine thyroid epithelial cells in the colorimetric assay at the higher concentrations but not in the DNA labeling assay. Because the colorimetric assay is known to be affected by cell volume independent of cell proliferation, the measured proliferation by BSA in this assay might reflect cell volume increase rather than cell proliferation. To determine whether the stimulatory effects of Tg on rat and porcine thyroid epithelial cells were specific, we performed the same proliferative assay on TSU-pr1 cells, a prostate epithelial car-results obtained in this study also substantiated the significance of the carbohydrate moiety in Tg because we showed that deletion of the N-linked oligosaccharide in pTg diminished the stimulatory effects of pTg on FRTL-5 cell proliferation. We previously reported that Tg in human papillary thyroid carcinomas had an altered state of sulfation in the chondroitin sulfate chain compared to Tg from normal tissues [27] . It is not clear whether the change in sulfation status represents the cause or the result of the formation of carcinomas but it is tempting to speculate that the presence of an altered chondroitin sulfate chain could affect the stimulatory effect of Tg on FRTL-5 cell proliferation. however, investigation of the effects of Tgs obtained from normal human thyroid tissue and thyroid carcinomas on the proliferation of thyroid cells will need to be conducted to address this issue.
Growth of thyroid cells is regulated by TSh and insulin and the signaling pathways employed by TSh have been extensively examined [9] . Therefore, we also attempted to explore the signaling pathway employed by Tg in stimulating FRTL-5 cell proliferation. our results showed that Tg signaling in FRTL-5 cells was mediated through PI3k because the proliferative effect of Tg was blocked by the Pi3K antagonist wortmannin. PI3k participates in various cellular processings, including cell proliferation and intracellular trafficking. in thyroid cells TSH activates this pathway by elevating the level of cAmP in the cells through the activation of adenylyl cyclase, a downstream effecter of the TSh receptor [28, 29] . marino et al. [30] also demonstrated that PI3k exerted an inhibitory effect on megalin-mediated Tg transcytosis across the cultured FRTL-5 cells. It has been postulated that Tg transcytosis plays an important role in the regulation of thyroid function [31] . most of the Tgs enter thyroid cells by nonspecific micropinocytosis, whereas some Tg molecules are recycled back into the follicular lumen via the asialoglycoprotein receptor [32] or transported by transcytosis via megalin [31] . Since the effective dosage of Tgs observed in our proliferation assay was much lower than the concentration of Tg stored in the follicles, the Tg molecules are unlikely to be internalized via micropinocytosis. The stimulatory signal of Tg might be transmitted in the cells either by binding to a hitherto unknown receptor or by receptormediated endocytosis via the asialoglycoprotein receptor or megalin. our results demonstrating that the stimulation of thyroid cell growth by Tg is mediated amined on the cell proliferation assay. All three subpopulations of pTg showed stimulation of FRTL-5 cell proliferation, and the stimulatory effects exerted by these three subpopulations showed no significant difference. Because of the impossibility of adding the insoluble form of Tg to the culture dish where the proliferation assay is being carried out, we cannot ascertain whether the insoluble multimeric form of Tg has any effect on the proliferation of thyroid cells.
Since FGF-2 is present in the thyroid bound to heparin and FGF-2 is one of the important local modulators of thyroid function and cell growth [15] , we examined whether the stimulatory effect of Tgs on FRTL-5 cells and porcine thyroid cells could be due to FGF-2 contamination. We found that this was not the case for the following reasons. First, the Tgs were purified on a gel filtration column under high salt conditions to dissociate any bound FGF to Tg. Second, the stimulatory effect of Tg could only be neutralized by an anti-human Tg monoclonal antibody but not by two anti-FGF monoclonal antibodies. Third, no FGF could be detected by Western blotting in the purified Tgs. iGF-i is also known to stimulate the growth of thyroid cells in culture and stimulate DNA synthesis induced by TSh [11] . however, we could not detect the presence of any IGF-I by western blotting in the Tg preparation used in the proliferation assay. Therefore, it is unlikely that the stimulatory effect of Tg on cell growth is due to iGF-i contamination. These findings indicate that Tg itself has intrinsic stimulatory activity on FRTL-5 and porcine thyroid cell proliferation.
The importance of the carbohydrate moiety in the Tg molecule has been pointed out by several investigators. ikekita et al. [22] reported that the N-linked oligosaccharide in Tg was required for the iodine organification and Mziaut et al. [23] showed that both the carbohydrate and the protein determinants in Tg were involved in Tg recognition by FRTL-5 cells. miquelis et al. [24] reported that the carbohydrate moiety affected the recycling of Tg via the Golgi apparatus. Furthermore, Park et al. [25] demonstrated that a defective carbohydrate moiety could cause the failure of Tg to dimerize and be secreted from the thyroid cells and Desruisseau et al. [26] showed that the carbohydrate content of Tg in the cultured porcine thyroid cells could be increased by TSh. These observations indicate that the carbohydrate moiety of Tg is very important for the function of Tg, especially in biosynthesis and release of the thyroid hormones. our through PI3k imply the involvement of megalin-mediated transcytosis in the signaling of the Tg-induced stimulation of thyroid cell proliferation. Although further research is needed to determine which receptor facilitates the signaling of Tg and how the stimulatory signal of Tg is transmitted in the cells in order to elucidate the mechanism of Tg-stimulated FRTL-5 cell proliferation, we have demonstrated for the first time that thyroglobulin possesses proliferative effect on thyroid cells.
